Abstract-Strong earthquakes are the most violent natural hazards, which have caused huge losses of lives and property to human beings in the last decade. Mining time patterns of seismic events, especially extreme ones, within a specific time window and region, is of great importance to policy making and disaster reduction. In this paper, we apply heavy-tailed statistics in extreme value theory to mining the temporal pattern of seismic events in China and build a computational model. We show that earthquakes of magnitude above Ms. 6.0 in China follow the generalized Pareto distribution. We use the proposed model to simulate the possible risk of extreme seismic magnitude in future time windows. Comparison with real-world records demonstrate the validity of our model.
INTRODUCTION
Extreme value theory, as a promising tool for analyzing the probability of extreme events, has been widely applied to various regions, including economics, life science, and disaster assessment. Natural disasters, especial extreme ones, are typical extreme events, which can be well modeled by extreme value theory. In recent years, disaster risk analysis based on this theory has drown extensive research interests, like risk assessment of earthquakes [1] , loss assessment of floods [2] , risk analysis of man-made architectures [3] , to name just a few.
Critical earthquake events are of great threats to human beings, which have caused huge casualties and economic losses in the past decades. Mining the spatial and temporal pattern of seismic events, to predict the possibilities of their occurrence, is of great value to policy making in disaster emergency response and disaster risk reduction. This issue has been a hot research topic in the geoscience society, which is also a multi-discipline topic in pattern mining and signal processing.
Current advances on this topic focus on the prediction of possible extreme of seismic magnitude within a specific spatial and temporal window [4] [5] . These methods are based on observations that strong earthquake events follow the independent Poisson distribution as a random process, and they use the generalized extreme distribution model to characterize events' statistical patterns. They successfully demonstrate that magnitude signals of strong earthquake events do follow the pattern of extreme statistics, however, recent research also shows that such methods are not so stable and statistically consistent in long-time temporal window [6] [7] .
In this paper, we apply heavy-tailed method in extreme value theory, which is a more robust and consistent approach in estimating extreme events, to model the magnitude signals of strong earthquake events above Ms. 6.0 in China since 1949. We test and validate the stability of magnitude series as a Poisson process and show that they are statistically consistent with a heavy-tailed distribution, that is, a generalized Pareto distribution. We present a straight-forward method to predict the possible extreme magnitude in a future time interval, and we build a computing framework for fast estimation and efficient application. Simulations on ground-truth data demonstrate the validity of our approach.
The rest parts of this paper are organized as follows. A detailed description of the proposed method is given in Section Ⅱ. Descriptions of data and numerical simulations are presented in Sections Ⅲ and Ⅳ, respectively. Some concluding remarks are given in Section Ⅴ.
II. HEAVY-TAILED MODEL OF SEISMIC SIGNALS

A. Basci Assumptions
Given a times series of seismic magnitudes of earthquake events, to apply heavy-tailed model to characterize their statistical patterns, two basic assumptions should be made. Assumption 1. Earthquake events, whose magnitudes are above some given threshold, follow a stable Poisson process, that is, their occurrence has probability distribution function as  where parameter λ of event intensity is a constant or a linear function of t. 
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Based on the two assumptions in last subsection, the proposed method can be summarized as the following four steps.
Step 1. Setting a magnitude threshold. Heavy-tailed statistics are used to model extreme events; hence we need first determine a threshold to identify strong earthquake events. In this paper, we set Ms. 6.0 as a basic line and select events whose magnitude are no less than that.
Step 2. Testing the stability of events. Stability is one of the basic assumptions, which should be tested before fitting. We first fit the empirical cumulative distribution of λ and then test its consistency with the theoretical distribution λ(t) = t, using the K-S test. If the p-value is above 0.1, then the stability can be confirmed.
Step 3. Testing the heavy-tails. Heavy-tailed distribution is the other assumption that needs to be satisfied. Similar to Step 2, we first fit the empirical cumulative distribution of seismic magnitudes. Then we compute maximum likelihood estimates of parameters for the theoretical GPD. Next, empirical and theoretical distributions are tested using the K-S test. If the pvalue is above 0.1, then heavy-tails can be confirmed.
Step 4. Computing extremes and probabilities. Given the length τ of a future time interval and confidence level q, the possible extreme magnitude can be computed using the following formula

III. DESCRIPTION OF DATA
We build up a data set of seismic magnitudes for strong earthquakes in China since 1949. Based on the catalog of earthquakes in China since 1949, which is released by the China Earthquake Administration, we sort out strong and destructive events with two thresholds, that are, magnitude no less than Ms. 6.0 and depth larger or equal to 60 km (i.e., shallow earthquakes). Furthermore, we use the sorting method in [9] to eliminate pre-and post-shocks and to reserve only the main shocks. After that, we obtain a set of 160 strong earthquake events. Some selected cases are shown in Table 1 and the scatter plot of the whole data set is shown in Figure 1 . 
IV. NUMERCIAL SIMULATIONS
A. Estimation of Intensity and Test of Stability
The set of seismic magnitudes formulated in Section Ⅲ consists of a series of binary values (xi, ti), where xi is the magnitude and ti is the occurrence time. We apply the method proposed in Section Ⅱ-B to test the stability of earthquake events and estimate the intensity λ.
First, we normalize the occurrence time as
 and obtain the set of normalized time {si}.
Next, we fit the cumulative distribution function (CDF) of {si} and use K-S test to validate the stability of event intensity λ, that is, we need to test whether the CDF of {si} is consistent with the theoretical distribution F(s) = s. The test result shows a p-value of 0.3, which is larger than the confidence level 0.1 and confirms the stability of λ. The comparison of CDF and F(s) = s is shown in Figure 2 .
Finally, we estimate the intensity λ as

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and obtain a series of intensities , and we use as the estimate for the whole set. The plot of estimated intensity versus time is shown in Figure 3 , where we can observe that intensity shows an obvious stable linear relationship to time.
FIGURE II. FITTED EMPIRICAL DISTRIBUTION FUNCTION F(S) AND THE STABLE DISTRIBUTION F(S) = S.
FIGURE III. PLOT OF ESTIMATED EVENT INTENSITY VERSUS TIME.
SMOOTHED BY A 10-YEAR TIME WINDOW.
B. Fitting the GPD and Estimation of Paramters
We use the set (xi, ti) to fit the cumulative distribution function of events and the generalized Pareto distribution (GPD) function by using (2) and setting θ = 6.0. These two fittings are demonstrated in Figure 4 . We then use the K-S test to validate their consistency. The result shows a p-value of 0.97, which is significantly larger than the confidence level 0.1, showing that the magnitude data consistently follow the GPD with significant heavy-tail pattern. The parameters and in GPD can also be obtained using maximum-likelihood during the fitting process. Estimated parameters are given in Table 2 .
C. Prediction for Future Strong Earthquakes
We apply (3) to compute probabilities of extreme earthquake events in given time windows. All the estimated parameters and predefined values are given in Table 2 and simulation results are summarized in Table 3 . Based on simulation results, we have the following observations. The ground truth data are consistent with our predictions, which validate the effectiveness of the proposed model.
V. CONCLUSION
In this paper, we construct a set of strong earthquakes in China since 1949 and apply heavy-tailed statistical model to character the extreme patterns of this set. We analyze the stability of quake events and demonstrate that strong shallow earthquakes in China do follow the generalized Pareto distribution and show an obvious heavy-tail pattern. We further estimate the parameters of the GPD and predict possible extreme magnitude within given time windows in the future. The proposed method can provide valuable information for quake-proof designs and disaster reduction plans and can also be applied to statistical analysis of other extreme climate events, such as severe floods and typhoons/hurricanes.
